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INTRODUCTION 
Partition Chromatography 
Chromatography is a technique by which substances can be separated 
by the difference in the rate at which each substance moves down a 
column packed with an absorbent through which eluting liquid flows. 
The subject of chromatography has been treated in Heftman's book (1). 
In the case of partition chromatography, the absorbent is called 
the inert support, and holds a layer of liquid called the stationary 
phase. The stationary phase extract» solutes from the eluting liquid, 
called the mobile phase. The difference in the rate of migration of 
each solute depends upon the degree to which it is extracted by the 
stationary phase. 
When a solute is added to the column, it is extracted in the form 
of a narrow band containing a high concentration of solute per unit 
length of column. As the band is washed with eluting liquid, it migrates 
down the column, but also tends to spread out. The band begins to occupy 
more of the column, and the concentration of solute per unit length of 
column begins to decrease. 
When the solute is washed out of the column, it appears as a bell-
shaped curve if the concentration of solute is plotted against volume of 
mobile phase. The more efficient the column, the sharper the bands will 
be, and the better the separation of the bands from one another. 
Reversed-phase Chromatography 
There are two kinds of liquid partition chromatography. The 
stationary phase may be a polar liquid such as water or alcohol, and 
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the mobile phase may be a non-polar liquid such as a hydrocarbon or 
chloroform. This type of partition chromatography is called "liquid-
liquid partition chromatography" or simply "partition chromatography". 
The advantage of liquid-liquid partition chromatography is the ability 
of the column to extract polar solutes such as amino acids and sugars, 
which can be slowly eluted with the non-polar mobile phase. 
When the solute is non-polar, such as a wax or a fatty acid, the 
non-polar solute is rapidly washed out of the column with the non-polar 
mobile phase. When the stationary phase is made non-polar, and the 
mobile phasr. polar, the technique is called "reversed-phase chromatography", 
because the arrangement of phases used in liquid-liquid partition chroma­
tography has been reversed. Now the column extracts non-polar solutes 
from the mobile phase, and allows the more polar solutes to pass rapidly 
through the column. 
The purpose of this investigation is the development of better 
methods to separate inorganic and organic compounds by means of reversed-
phase chromatographic techniques. 
Applications of Reversed-phase Chromatography 
The technique of reversed-phase chromatography has been used to 
separate a wide variety of inorganic compounds and non-polar organic 
mixtures. The technique has not been used as extensively as liquid-
liquid partition chromatography, however. Most of the work which has 
been done in reversed-phase chromatography is summarized in the bibli­
ography presented in the Appendix at the end of this dissertation. 
A great deal of work has been done using paper as the inert support 
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for the stationary phase. Paper has the advantage of speed in separating 
complex mixtures. However, paper has a low capacity for solutes. Al­
though it is possible to obtain quantitative separations using paper 
chromatography, most of the applications of this technique are quali­
tative. For these reasons, paper has not been considered as a support 
for the stationary phase in this work. 
Inert supports commonly employed in reversed-phase chromatography 
include modified silica, rubber, polyethylene powder and polyfluoro-
carbon powder. Other supports which have been used, but which have not 
as yet gained wide acceptance include cellulose powder, cellulose acetate, 
polystyrene beads, polyvinyl chloride resins and carbon. 
The two forma of silica commonly used as supports in reversed-
phase chromatography are kieselguhr and silica gel. Kieselguhr consists 
of an earth composed of aggregates of the microscopic shells of diatoms. 
The shells are approximately 4 to 15 microns in diameter, and 1 to 3 
microns thick. Extremely fine surface markings on the shells makes 
possible a support which has a high surface area per unit volume. 
Silica gel is prepared by precipitation of hydrated silica from alkaline 
silicate solution with acid. The silica gel is then dried, crushed and 
sieved to the desired mesh size. Since the silica surface is polar, 
it is made hydrophobic by treating the powder with dimethyldichlorosilane. 
Siekierski and Fidelis (2) were able to separate up to six rare 
earth metal ions using a kieselguhr column supporting tri-n-butyl phos­
phate (TBP) as the stationary phase. In their method, the kieselguhr 
consists of 80 micron particles which are made hydrophobic with dimethyl­
dichlorosilane. The column is 0.3 cm. in diameter and 11 cm, long, and 
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contains 0.3 gram of treated kieselguhr and 0.18 ml. of TBP. The flow 
rate is varied from 0.2 ml./cm.^/min. to 0.8 ml./cm.^/min. The authors 
found that the flow rate had only a small influence on the separation 
efficiency of the column. The rare earths from cerium(III) to terbium 
(III) can be separated using 15.1 M nitric acid as the mobile phase. 
The column is not stable when the acid concentration is greater than 16 M. 
Fidelis and Siekierski (3) used the same column at a flow rate of 
0.4 ml.ycm.^/min. to separate up to ten rare earth metal ions with 11.5 M 
to 12.3 M nitric acid as the mobile phase. Using this system, the heavy 
rare earths from samarium(III) to lutetium(III) can be separated at 
solute loadings of up to 0.01 mg. for each rare earth metal ion. The 
shape and position of the rare earth peaks depends on the concentration 
of the solute. At a high concentration of metal ion, the peak broadens 
and shifts in the direction of the elution. 
Gwozdz and Siekierski (4) were able to separate the oxidation states 
of plutonium using a column of kieselguhr on which was sorbed TBP. In 
their method, the mobile phase is varied from 0.5 M to 1.0 M nitric acid 
to separate plutonium(III), plutonium(IV) and plutonium(VI). Plutonium 
can be separated from uranium by using a mobile phase of 3 M nitric acid 
which is 0.05 M in hydroxylammonium perchlorate. 
The kieselguhr-TBP column has been used by Crawley (5) to obtain a 
partial separation of zirconium(IV) and hafnium(IV). In this system, 
the column measures 1 cm. in diameter and 13 to 15 cm. long. The mobile 
phase consists of 50 per cent ammonium nitrate and various concentrations 
of nitric acidfrom 5 per cent to 25 per cent. 
Siekierski and Sochacka (6) used 6 to 10 M hydrochloric acid as the 
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mobile phase to separate caicium(II) from scandium(III). The column 
consists of TBP sorbed on kieselguhr. 
Pierce (7) investigated the application of chelate systems to 
partition chromatography. With their method, columns are prepared by 
coating silica gel with dithizone. The silica gel is precipitated from 
sodium silicate solution with concentrated hydrochloric acid. The gel 
is dried and sieved to 85 to 120 mesh. A strong solution of dithizone 
in chloroform or carbon tetrachloride is slurried with the dried gel, 
and the slurry is evaporated to a free-flowing powder. Some solvent is 
allowed to remain in the gel, however. This procedure results in a 
packing containing up to 10"^ mole of dithizone per gram of support. 
In this work, batch distribution studies showed that the dithizone is 
retained on the silica gel and that liquid-liquid extraction procedures 
can be adapted to partition chromatographic column techniques. 
Carrier-free radioactive indium-115 was prepared by using the 
reversed phase chromatographic technique developed by Pierce (7). 
Pierce and Peck (8) found that cadmium(II) and indium(III) was retained 
by a column of silica gel coated with dithizone. In this system, the 
metal ions are extracted from a mobile phase which consists of 1 M 
sodium acetate buffered at pH 5. The indium is selectively eluted with 
25 ml. of 2 X 10"4 m perchloric acid. 
A 5-cm. column of siliconized silica gel coated with TBP was used by 
Siekierski and Kotlinska (9) to separate mixtures of zirconium and 
niobium. For this separation, the mobile phase is 4.6 M nitric acid. 
The best separations are obtained when the mobile phase contains 0.3 per 
cent hydrogen peroxide. 
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Siegal and Mack (10) were able to separate decaborane from biphenyl, 
and to resolve a mixture of iododecaboranes using 100-200 mesh silica as 
the inert support. Their column is 3.1 cm. in diameter and 135 cm. long. 
The stationary phase is diethyl ether and the mobile phase is 38-43°C 
petroleum ether. Decaborane is retained by the column. lododecaborane 
is eluted before di-iododecaborane at a flow rate of 0.5 to 0,7 ml./min. 
Early work with reversed-phase chromatography involved the separation 
of long chain fatty acids. One of the first applications of reversed-
phase chromatography was the separation of C12 to fatty acids by 
Howard and Martin (11). In their method, a column of siliconized kiesel-
guhr is used on which is sorbed n-octane which has been pre-equilibrated 
with 70 per cent aqueous methyl alcohol. The column is 1.2 cm. in diameter 
and 20 cm. long, and contains 9 grams of kieselguhr on which is sorbed 8 
ml. of the less polar phase. 
Up to 2 mg. of each fatty acid is added to the column, which is kept 
at 35°C to increase the solubility of the fatty acids. Laurie, myristic, 
palmitic and stearic acid are then eluted with 70 to 80 per cent aqueous 
methyl alcohol. Other systems can also be used to obtain satisfactory 
separations of long chain fatty acids. Howard and Martin found that 
medicinal paraffin (mineral oil) and aqueous acetone serve as a favorable 
system for separating fatty acids. 
Silk and Hahn (12) reported that the higher molecular weight fatty 
acids (C]^5 -C24) could be separated more efficiently by using a longer 
column. Their column packing consists of siliconized kieselguhr on which 
is sorbed medicinal paraffin as the stationary phase. Tlae column is 
packed in boiled 83 per cent acetone, which is then displaced by the 
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mobile phase. The most satisfactory column has a diameter of 0.8 cm., 
and a length of 85 cm. Because of the low solubility of the fatty acids 
in the mobile phase, they are dissolved in 0.2 ml. of liquid paraffin 
before addition to the column. Up to 7 mg. of each acid from to 
can be resolved by varying the concentration of acetone from 70 per 
cent to 90 per cent. 
Wittenberg (13) used siliconized silica as the inert support to 
separate low molecular weight Cg to C-^2 fatty acids. For this separa­
tion, the column is 1.8 cm. in diameter and 12.4 cm. long. A rather 
complicated mobile phase and stationary phase system is prepared by 
equilibrating chloroform, Skellysolve-S, water and methyl alcohol in 
the ratio 8:1.5:12:20. The hydrocarbon is added to the chloroform to 
increase the stability of the column, and prevents the stationary phase 
from "bleeding" off of the column during elution with mobile phase. 
Hexyl iodide has been separated from iodobenzene and propyl iodide 
by Sokolowska (14) using siliconized kieselguhr as the inert support. 
In this system, the column length is 12 to 16 cm., the stationary phase 
is n-dodecane and the mobile phase is aqueous 75 per cent acetone. The 
column generates up to 570 theoretical plates. 
Partridge and Chilton (15) reported that pyrex glass powder can be 
used to prepare stable columns on which chloroform is sorbed. In their 
procedure, approximately 8 ml. of chloroform is mixed with 80 grams of 
pyrex glass powder. The mobile phase is water. The columns can be used 
for up to 72 hours with no signs of breakdown. The oil soluble dye 
Sudan-Ill is used to test the column for loss of chloroform. The 
column can be used to separate 9-12 mg. of o- and p-nitroaniline, and 
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10-50 mg. of o- and p-nitrophenol. 
Although liquid chromatography was developed before gas chroma­
tography, the latter technique has been exploited to a much larger 
degree than the former. Lambert and Porter (16) discuss possible ways 
•  •  '  . . . .  . .  
to develop liquid-liquid chromatographs which'operate on the same princi­
ples as gas chromatographs. Their apparatus consists of a glass column 
with pressure fittings through which degassed eluent from a solvent 
reservoir can be made to flow. A novel form of sample injector makes 
possible the introduction of solute Into the mobile phase without de-
pressurizing the system. The eluate is passed through an automatic 
detector which responds to differences in the refractive index between 
the mobile phase and the eluate containing the solute. The data from 
the automatic detector may be plotted directly on a strip chart recorder, 
but the authors recommend that the data be smoothed by means of an 
electronic computer. Their system was tested using phosphorus-derivative 
insecticides as solutes. 
Inert supports composed of elastomers such as rubber have been used 
by a few workers since Boldingh (17) first used vulcanized Hevea rubber 
as the stationary phase to separate Cg to fatty acids. In Boldingh's 
method, the rubber is swollen with benzene, and a mobile phase is used 
which consists of a mixture of 3:1 methyl alcohol and acetone containing 
up to 60 per cent water. Hydroxy-fatty acids can also be separated from 
normal-chain fatty acids. 
Better results were obtained by Partridge and Swain (18) by using 
commercial chlorinated rubber as an inert support for separating amino 
acid derivatives. The chlorinated rubber is a light cream colored, 
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free-flowing powder obtainable in 150-200 mesh particle size. The 2,4-
dinitrophenyl derivatives of amino acids can be separated using this 
inert support on which is sorted n-butyl alcohol as the stationary 
phase. The amino acid derivatives are then eluted with 0.2 M citrate-
phosphate buffer at a pH which varies from 3 to 6.75. A 96 to 99 per 
cent recovery for the amino acid derivatives is reported. 
Hirsch (19) investigated the use of natural rubber, styrene-
divinylbenzene copolymers and polymerized vegetable oils as inert 
supports for the separation of lipids. In Hirsch's system, an automatic 
refractometer is used to monitor the solute in the eluate. 
Brewer (20, 21) used small pieces of surgeon's rubber finger cots 
_ as the inert support for the separation of polymers of high molecular 
weight. After the rubber is swollen with toluene or n-heptane to ap­
proximately 8 mesh particle size, it is packed into columns measuring 
1.5 cm. in diameter and 210 cm. long. The column temperature is main­
tained at 30°C. Using toluene or n-heptane as the mobile phase, up to 
four polymers are separated. The high molecular weight polymer is 
eluted first. The molecular weights of the polymers vary from 18,000 
to 128. The recovery is reported to be 91 to 103 per cent for a loading 
of 20-50 mg. of each polymer. Polymers which were investigated consisted 
of a mixture of polyisobutene (molecular weight 18,000), pentaerythritol 
tristearate (1200), squalane (423) and azulene (128). Brewer (21) also 
found that surface active compounds such as calcium sulfonates were 
strongly sorbed by the rubber column. Applications of the rubber column 
include the separation of high and low molecular wei&ht polymers, and 
the separation of surface active compounds from oil. 
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Synthetic polymers have found increasing application as inert 
supports for reversed-phase chromatography. Polyethylene powder has 
been used by a number of workers for separating organic compounds. 
Polyethylene powders are usually obtained from commercial sources which 
use a gaseous polymerization process. The resulting powder is very 
porous. 
Green, Howitt and Preston (22) used 200 mesh polyethylene powder 
as the inert support and as the stationary phase to separate 
fatty acids. Their columns are prepared 1 cm. in diameter and 30 to 45 
cm, long. The polyethylene powder is packed into the column with acetone. 
The acetone is then displaced with a mobile phase of 40 to 50 per cent 
aqueous acetone. The column is maintained at a temperature of 35°C. The 
lower molecular weight (Cg to Cio) fatty acids can also be separated using 
a mobile phase of 10 to 40% aqueous acetone. 
Kibrick and Skupp (23) reported the separation of up to seven fatty 
acids by chromatography on a 2.5 x 28 cm. polyethylene column maintained 
at 30°C. In their method, a gradient elution technique gives the best 
results. The mobile phase consists of 40 to 70 per cent ethyl alcohol. 
The fatty acids are first converted to the chlorophenacyl esters before 
chromatography. Fractions are collected at a flow rate of 3 to 4 ml./ 
hour, and the absorbance of the eluate is read at 257 millimicrons. A 
mixture of decanoic, lauric, myristic, palmitic, stearic and oleic-
linolenic acid can be resolved at a solute concentration of 1 to 3 
micromoles of each acid. 
Polyethylene powder compares favorably with ligroin-swollen rubber 
as the inert support for the separation of fatty acids in natural 
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products. Perrot and Desnuelle (24) found that elution with aqueous 
acetone gave results for polyethylene columns which were similar to 
the results obtained with rubber columns. 
The resolution of mixtures of 2,4-dinitrophenyl-hydrazones of 
saturated and unsaturated aldehydes on polyethylene columns has been 
reported by Freytag (25). For this separation, heptane is used as the 
stationary phase on 15 to 20 micron polyethylene powder. The mobile 
phase is a mixture of dioxane and water. Separations are reported for 
Cg to Cj^g saturated aldehydes, C5 to unsaturated aldehydes and C3 
to C18 Diethyl ketones. The C5 to Cio hydroxyaldehydes can be separated 
using benzene as the stationary phase and formamide as the mobile phase. 
For separating saturated aldehydes with a carbon number higher than 15, 
a sulfolane-dioxane-water mixture must be used as the mobile phase. 
The vitamins thiamine and pyrithiamine have been separated by Rindi 
and Perri (26) using polyethylene columns. Their columns are packed in 
methyl alcohol to a height of 19 to 20 cm. The mobile phase is varied 
from 5 per cent methyl alcohol in 0.1 M Na OH to 50 per cent methyl 
alcohol in 0.1 M NaOH. 
Recoveries of 93 to 102 per cent are reported for 2 to 20 micro­
grams of added vitamin. The flow rate is maintained at 5 to 7 drops per 
minute without pressurizing the column. 
Winsten (27) reported that polyethylene can be used to separate 
both organic and inorganic solutes. The separation of vitamin A from 
vitamin D2, and the separation of a mixture of organic acid esters of 
vitamin A is reported. A low boiling petroleum ether is used as the 
stationary phase, and water-ethyl alcohol mixtures are used for the 
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mobile phase. The column is 1,27 cm. in diameter and 18 cm. long, and 
is used at a flow rate of 0.7 to 1 ml./min. Winsten also reports that 
uranium(VI) can be separated from copper(II) with aqueous nitric acid 
using a polyethylene column on which is sorbed TBP. Uranium(VI) can also 
be extracted on to a column of mono-2-ethylhexylphosphoric acid and di-2-
ethylhexylphosphoric acid from aqueous solutions of hydrochloric acid. 
Fluorocarbon molding powders have replaced polyethylene as inert 
supports to a large extent because of chemical inertness, and physical 
resistance to acids and organic solvents. Polytetrafluoroethylene is 
available under a wide variety of trade names. A polymer of chloro-
trifluoroathylene called Kel-F 300 low density molding powder is produced 
by Minnesota Mining and Manufacturing Corporation. 
Hamlin and Roberts (28) introduced Kel-F as an inert support for 
the separation of uranium using TBP as the stationary phase. The polymer 
must be brought to 100-200 mesh by cooling in dry ice, grinding and 
sieving. Equal weights of TBP and polymer are then mixed, slurried 
with 5.5 M nitric acid, and packed into a burette with an inside diameter 
of 0.7 cm. Uranium is retained as a yellow band at the top of the 
column. Non-extracted impurities are removed in 25 ml. of eluent. 
Thorium(IV), plutonium(IV) and cerium(IV) are also retained by the 
column. The uranium can be eluted with 35 ml, of water. Recoveries 
for 50 mg. of uranium are greater than 99 per cent, 
Hamlin, Roberts, Loughlin and Walker (29) reconfirmed the work of 
Hamlin and Roberts, and also investigated the use of other supports such 
as Teflon (polytetrafluoroethylene) and polyethylene for sorbing TBP. 
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The authors report that polyethylene is not suitable as a support for 
this work, although Winsten (27) has obtained evidence that polyethylene 
can be used as an inert support for inorganic separations. The Kel-F 
columns can be used for more than 30 consecutive separations with negli­
gible loss in efficiency. Experiments with tri-n-octylamine as the 
stationary phase show that uranium(VI) is strongly absorbed by the 
column from 0,1 M sulfuric acid, while plutonium(III) is eluted. 
Columns of Kel-F on which TBP is sorbed can be used to separate 
large quantities of uranium from nitric acid solutions. Hayes and Hamlin 
(30) applied this method to the separation of uranium from uranium-
zirconium alloys and uranium-titanium alloys. A column 1.25 cm. in 
diameter and 20 cm, long contains up to 12.5 grams of TBP and can extract 
1 gram of uranium. Recoveries are reported to be 100.04 to 100.07 per 
cent. 
Kel-F has also been used by Cerrai and Testa (31) as the inert 
support for tri-n-octylphosphine oxide (TOPO). Columns are prepared by 
dissolving 4 grams of TOPO In 9 ml, of cyclohexane, mixing with 5 grams 
of 100-170 mesh Kel-F, slurrying with 1:1 hydrochloric acid and packing 
a column 0.86 cm. in diameter and 12 cm. long. Mixtures of iron(III), 
cobalt(II), nickel(II) and uranium(VI) can be separated. The nickel 
is removed with 8 M hydrochloric acid, the cobalt is removed with 3 M 
hydrochloric acid, the iron is then eluted with 0.5 M sulfuric acid, and 
the uranium stripped with 4 M phosphoric acid. Other separations include 
the separation of copper(II) from zirconium(IV) with 1:1 nitric acid, 
and the separation of vanadium, titanium and uranium using hydrochloric 
acid, sulfuric acid and phosphoric acid. The column loses less than 30 
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per cent of its separation efficiency after 15 cycles. 
O'Laughlin and Banks (32) have used Kel-F as the inert support 
for separating a variety of metal ions with neutral organophosphorus 
solvents. In their method, columns containing TBP as the stationary 
phase are prepared by filling the column with 60-80 mesh Kel-F, washing 
with a mixture of 1:2 TBP-chloroform, and drying in an air stream until 
the vapors of chloroform have been removed. The columns which are pre­
pared with TBP as the stationary phase measure 0.4 cm. in diameter and 
32 cm. long, Columns containing TOPO and bis(di-n-hexylphosphinyl)methane 
(HDPM) are prepared by mixing two parts by weight of Kel-F with one part 
of the phosphorus compound, slurrying with chloroform, and allowing the 
chloroform to evaporate until a free-flowing white powder is obtained. 
Columns containing TOPO and HDPM measured 50 cm. in length. A large 
number of lanthanides, uranium, thorium, and other metal ions were eluted 
using various concentrations of hydrochloric, perchloric and nitric acids. 
Paper chromatography is used to a large extent in gathering data for 
separations, 
Kel-F columns supporting HDPM have been used by Berner, O'laughlin 
and Banks (33) to separate trace amounts of calcium and magnesium from 
yttrium. The calcium and magnesium are then separated from each other 
by paper chromatography. For this separation, columns 1 cm. in diameter 
and 15 cm. long are prepared. The columns contain 100 grams of Kel-F 
and 55 grams of HDPM. The calcium and magnesium are removed with 25 ml. 
of 3 M nitric acid. The yttrium is then removed with 450 ml. of 1 M 
hydrochloric acid. This method permits the separation of between 5 and 
40 micrograms of calcium and magnesium from up to 105 mg. of yttrium. 
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Teflon has been used to separate vitamins A, D and cholesterol by 
reversed-phase chromatography. Arcus and Dunckley (34) use 60 to 100 
mesh Teflon as the inert support and as the stationary phase, and methyl 
alcohol-water as the mobile phase. The columns measure 1.1 cm. in diam­
eter and 20 cm, long. The Teflon is packed in pure methyl alcohol, and 
the methyl alcohol is displaced by water before adding the sample dis­
solved in 1 ml. of methyl alcohol. The vitamins are eluted by a gradient 
elution technique using methyl alcohol concentrations varying from 67 
per cent to 100 per cent. 
Chen, Terepka and Remsen (35) used polytetrafluoroethylene under 
the trade name of Fluropak 80 as the inert support to separate vitamins 
A and Dg. In their method, the stationary phase is iso-octane, the 
mobile phase is 90 per cent methyl alcohol, and the column measures 1.2 
cm. in diameter and 75 cm. long. Best results are obtained when the 
separation is performed in a "cold room" at 4°C. Recoveries of 98.2 to 
99.6 per cent are reported for 300 to 400 micrograms of solute. 
Several other substances have been used as inert supports in addi­
tion to modified silica, rubber, polyethylene and polyfluorocarbon resins. 
Cellulose powder has been coated with TOPO and used to separate 
mixtures of metal ions by elution with different concentrations of hydro­
chloric acid. Cerrai and Testa (36) prepare the cellulose by equilibrating 
a 0.1 M solution of TOPO in cyclohexane with twice its volume of 1:1 hydro­
chloric acid. Cellulose powder is soaked with the equilibrated TOPO 
solution and dried. Columns are packed with 20 grams of the mixture, and 
measure 1 cm. in diameter and 25 cm. long. Iron(III), cobalt(II) and 
nickel(XI) are separated by eluting the nickel with 7 M hydrochloric 
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acid, eluting the cobalt with 3 M hydrochloric acid, and stripping the 
iron from the column with 0.5 M sulfuric acid. A number of useful 
separations are given, including the separation of uranium and thorium; 
lanthanum, thorium and zirconium; yttrium, thorium and scandium; nickel, 
lead, platinum and gold. Cerrai and Testa (37) have also used tri-n-
octylamine as the stationary phase to perform similar separations with 
columns of cellulose powder. The authors find that columns of tri-n-
octylamine on cellulose powder retain uranium better than columns of 
diethylaminoethyl-cellulose powder under comparable conditions. 
The first reversed-phase column chromatographic separation was 
performed by Boscott (38). In Boscott's method, cellulose acetate is 
used as the inert support for n-butyl alcohol. Columns are prepared by 
heating l/4-inch staple fibers of cellulose acetate with butyl alcohol 
at 50°C for 30 minutes. The fibers are drained, mixed with water or 
aqueous salt solutions, and 50 grams packed into a column. In this 
system, the butanol-treated fibers are used to extract cresol and 
benzoic acid from salt solutions. The extracted acids are eluted with 
ether or aqueous alkaline solutions. 
Cellulose acetate was used by Carritt (39) as the support for 
dithizone in carbon tetrachloride. In this procedure, the column must 
be "wet" with a small amount of carbon tetrachloride before it is used. 
A column measuring 1 cm. in diameter and 25 cm. long can be used to 
recover traces of zinc, lead, cadmium, cobalt and copper from natural 
waters. The capacity of the column is 3 mg. of dithizone-reactive metal 
ion. Elements are removed from the column with 50 ml. of 1 M hydro­
chloric acid, The column can be used at a flow rate of 30 to 40 ql./min. 
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Pierce and Peck (40) also used cellulose acetate to support 
dithizone. Their columns are prepared using 16 to 22 mesh cellulose 
acetate flakes. A saturated solution of dithizone in carbon tetra­
chloride or chloroform is applied to the flakes, and the excess solvent 
is evaporated. The powder is slurried with a 2 M, pH 5 sodium acetate 
buffer. Columns measure 2 cm. in diameter and 20 cm. long. The column 
is used to isolate indium from rock samples and meteroites. Impurities 
in the indium sample are washed off the column with 100 ml. 5 per cent 
EDTA and 100 ml, of 0.01 M perchloric acid. The indium is eluted with 
1 M hydrochloric acid. 
A modification of reversed-phase chromatography called gel-liquid 
extraction has been used by Small (41) to extract uranium from nitric 
acid solutions. In this teohuique, the column packing consists of 50 
to 100 mesh styrene divinylbenzene copolymer beads which are swollen 
with a mixture of 40 per cent perchloroethylene and 60 per cent TBP, 
The perchloroethylene causes the polymer structure to expand into a 
gel structure. The TBP occupies the interstices of this gel structure 
along with the swelling agent. The surface of the beads is hydrophobic, 
and inefficient contact with the mobile phase is obtained unless the 
surface is modified by surface sulfonation. Sulfonation with concen­
trated sulfuric acid increases "wetting" of the beads by the aqueous 
mobile phase. The gel is capable of extracting up to 78 mg, of uranium 
per gram of gel from 4 M nitric acid solutions. A column 1.2 cm. in 
diameter and 50 cm. long is used to separate iron(III) from uranium(VI) 
by elution with 4 M nitric acid. Yttrium can be separated from thorium 
using 2 M sodium nitrate and 0.1 M nitric acid as the eluent. 
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Pierce and Peck (42) have introduced a copolymer of poly-(vinyl 
chloride/vinyl acetate) trade named "Corvic" as an inert support. The 
rare earth metal ions from lanthanum(III) to gadolinium(III) can be 
separated by gradient elution with 0.3 M to 0.8 M perchoric acid from 
a 1 X 30 cm. column of support on which is sorted di-(?-ethylhexyl)-
orthophosphoric acid. Pierce, Peck and Hobbs (43) have intensively 
investigated the use of this system to separate rare earths using 
different concentrations of perchoric and hydrochloric acids. In this 
work, the separation factors between the different rare earths are 
studied as a function of acid concentration, using a column temperature 
maintained at 60°C to Increase the sharpness of the peaks. The column 
consists of 100-150 mesh Corvic packed into 0.5 x 10 cm. columns, and 
the efficiency of the columns varies by less than 3 per cent after 50 
elutions. The column variation is based on the retention volume of 
lanthanum(III). 
Activated carbon has been used as a support by Aleksandrova and 
Chmutov (44). With Chmutov's method, tantalum is completely retained 
on a 1 X 25 cm. column containing 5 grams of phenylarsonic acid on 10 
grams of carbon. Niobium is eluted with 4 per cent ammonium oxalate and 
0.65 M hydrochloric acid. The column is maintained at a temperature of 
95°C. The tantalum is difficult to remove from the column, however. 
Hoban and White (45) have used carbon as the inert support for the 
separation of pairs of disaccharides. For this separation, the stationary 
phase is stearic acid, and the disaccharides are eluted with 0 to 7 per 
cent aqueous ethyl alcohol. The method has the disadvantage that reso­
lution is poor even though the sugars are present in microgram quantities. 
19 
THEORY OF PARTITION CHROMATOGRAPHY 
The separation of two or more solutes by column partition chroma­
tography depends upon the difference in the rate of migration of the 
solutes on a column of supporting medium. The supporting medium consists 
of an inert substance on which is sorbed a stationary liquid phase which 
extracts solute from the mobile phase used as the eluent. If the solute 
is efficiently extracted by the stationary phase, the rate of migration 
down the column is slow. 
When the solute is introduced at the top of the column, it tends to 
form a narrow band which contains a high concentration of solute. As 
the band is washed down the column with the mobile phase, it tends to 
spread out, and the average concentration of solute in the band decreases. 
If the concentration of solute in the e.luate is plotted against the vol­
ume of eluate, a bell-shaped curve results. The migration of a band of 
solute down a partition chromatographic column is illustrated in 
Figure la. 
In reversed-phase partition chromatography, the stationary phase 
is a non-polar liquid, and the mobile phase is a liquid which is more 
polar than the stationary phase. The extraction of solute by the sta­
tionary phase is similar to the partitioning of solute between the two 
phases of a liquid-liquid extraction system. It is important to consider 
liquid-liquid extraction processes before dealing with partition chroma­
tography theory. 
A refinement of the liquid-liquid extraction system is the technique 
of countercurrent distribution. The sol ate is extracted many times in 
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succession using a series of tubes containing fresh partitioning liquid. 
A mixture of solutes with similar extraction properties can be separated 
If a large number of tubes are used. It is important to consider the 
processes involved in countercurrent distribution, because the behavior 
of successive layers of support in a partition chromatographic column 
resembles the extraction of solute in the successive tubes containing 
solvent in the countercurrent distribution apparatus. 
Solvent Extraction 
The extraction of a solute is based on the partitioning of the 
solute between two immiscible phases, usually liquids. A general treat­
ment of the theory of solvent extraction for separation processes is 
presented by Berg (46) and Laitinen (47). Applications of solvent 
extraction for the separation of Inorganic compounds are presented by 
Morrison and Preiser (48). At equilibrium, the efficiency of the 
extraction is expressed by a quantity called D, the distribution ratio. 
The distribution ratio can be calculated in such a way that the higher 
the D, the more complete is the extraction of solute into the desired 
liquid phase. In the case of reversed-phase chromatography, the sta-
tlpnary phase is non-polar, and the movement of solute down the column 
is slow if it is efficiently extracted by the stationary phase. It is 
therefore convenient to calculate the distribution ratio so that a high 
value for D indicates a more complete extraction. This is done by 
dividing the total concentration of solute in the non-polar phase, C^p 
by the total concentration of solute in the polar phase, Cp: 
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Both phases may be organic or primarily aqueous. If the total 
amount of solute is measured rather than the concentration of solute, 
then a correction for the volumes of the non-polar and polar phases 
must be used. The equation for the distribution ratio then becomes: 
V ^ "P = D. (2) 
Sp ^np 
In this equation, S represents the total quantity of solute in the polar 
or non-polar phase, and V represents the volume of the polar or non-
polar liquid phase. 
Separations in analytical chemistry are commonly considered quan­
titative when 0.1 per cent or less of an impurity remains in the sample. 
It is useful to be able to calculate the fraction of solute which re­
mains in either the non-polar or the polar phase after the partitioning 
process has come to equilibrium. If the fraction is 0.001 or smaller, 
the separation can then be considered quantitative. 
The fraction of total solute which remains in the polar phase after 
one partitioning step can be calculated by using the following equation: 
In this equation, Fp represents the fraction of total solute which re­
mains in the polar phase. The other quantities are described above. 
If the fraction in the non-polar phase, F^p, is required, the equation 
is : 
Fnp = DFp. (4) 
If the volumes of the polar and non-polar phases are equal, then a 
value of 1000 for the distribution ratio of a solute gives a value 
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slightly less than 0.001 for Fp, and a value of slightly more than 
0.999 for Fjjp. A solute which has a distribution ratio of 1000 or 
higher can be quantitatively extracted into the non-polar phase in 
one step. Similarly, a solute which has a distribution ratio of 0.001 
or smaller will be extracted less than 0.1 per cent. This places a 
restriction on the value of the distribution ratio of a solute, since 
values commonly found in real analytical separations are often higher 
than 0.001 or lower than 1000. 
A solute which has a low distribution ratio can be completely 
extracted by successive equilibrations with fresh non-polar phase. 
The equation for the calculation of the fraction of total solute, Fp 
which remains in the polar phase after n extractions is: 
The fraction of total solute, F^p^n, which accumulates in the non-polar 
phase after n extractions with fresh non-polar phase is given by the 
equation: 
^np,n ~ ^ 
If the distribution ratio of the solute is small, a large number of 
successive extractions can be used to remove it completely from the polar 
phase. However, if the distribution ratio of an impurity is similar to 
the distribution ratio of the solute, it will be extracted to a consid­
erable degree. 
F, p,n (5) 
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Countercurrent Distribution 
The technique of countercurrent distribution has been successfully 
applied by Craig and Craig (49) for the separation of complex mixtures 
of solutes which have similar distribution ratios. In this technique 
the mixture of solutes is placed in the first of a row of n tubes, 
each of which has a serial number, r. Each tube contains a fixed vol­
ume of fresh polar phase, which is usually the lower phase. The first 
tube contains a fixed volume of non-polar phase, which is usually the 
upper phase. After mixing, the upper, non-polar phase is transferred 
to the second tube which contains fresh polar, or lower phase. Fresh 
non-polar phase is then introduced into the first tube. Solutes which 
have high distribution ratios tend to migrate to tube numbers which have 
higher r values. The solutes which have low distribution ratios tend 
to remain in the first tubes in the series. Craig's apparatus is 
constructed so that each transfer step is automatic, and can be per­
formed by rotating the array of tubes through a small angle. 
After n transfers are performed all of the tubes from 0 to r have 
been used. When the fraction of total solute is measured for each tube 
in the series, and the result plotted on a graph versus the tube number, 
a bell-shaped curve is obtained. This curve closely resembles the 
curve obtained by plotting the concentration of solute emerging from 
a partition chromatography column versus the volume of eluate. 
It is useful to be able to calculate a theoretical curve for the 
countercurrent distribution of a solute which has a distribution ratio D. 
In the equations which follow, the quantity n is a constant, and consists 
of the number of total transfers which will be performed for a series of 
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tubes, each of which has a serial number r. The number r can vary from 
0 to n. 
The location of the number of the tube, r^^^, which contains the 
maximum fraction of solute is given by the equation; 
n D 
^max 1 + D ' 
The fraction of solute, F^ax' the tube which is numbered r^^^ is given 
by the equation: 
• (-tSV-) 
These two equations give the position of the peak for each solute in the 
mixture. The remaining points in the curve of fraction of solute versus 
tube number are given by the equation: 
fn.r - W ( 2*nra + D)2 ) ' 
In this equation, the quantity r is varied to obtain the fraction of 
solute in each tube, for a total of n transfers. 
The processes involved in the separation of solutes on a partition 
chromatographic column can be compared to the separation of solutes by 
countercurrent distribution. Berg (46) presents a readable description 
of countercurrent distribution processes. Sen (50) presents a clear 
explanation of partition chromatographic theory as it has been developed 
from the plate theory of Martin (51). 
The development of the plate theory for liquid-liquid partition 
chromatography is similar to that used by Craig (52) in explaining the 
process of countercurrent distribution. 
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General Partition Chromatography Theory 
The countercurrent distribution apparatus can be considered as 
the model for the partition chromatographic column. The column can 
be imagined to be divided into a number of theoretical plates, similar 
to the theoretical plates of a distillation column. This is illustrated 
in Figure la. The length of column necessary to achieve one theoretical 
plate is that length in which the solute in the mobile phase first 
reaches equilibrium with the solute in the stationary phase. When 
this happens, the total solute in the stationary phase divided by the 
total solute in the mobile phase is equal to the distribution ratio, D. 
All the solute is therefore in the first theoretical plate of the col­
umn. The solute in the first plate takes the form of a band which moves 
down the column at a rate which is inversely proportional to the effi­
ciency with which it is extracted by the stationary phase. As the 
solute moves down the column, part remains in the first plates of the 
column, and part begins to occupy new plates. The band begins to spread 
out, and the concentration of solute in the plates tends to decrease. 
Each theoretical plate behaves as if it is a tube in the Craig counter-
current distribution apparatus. Just as there are a finite number of 
tubes in the Craig apparatus, so there are a finite number of theoretical 
plates, r, in the column. The number of theoretical plates in a chroma­
tographic column can be estimated by a graphical method, using an experi­
mental elution curve of the solute. This graphical method is illustrated 
in Figure lb. In order to apply this method, the experimental elution 
curve is plotted in terms of fraction of solute versus volume of eluate 
in milliliters. The mid-points of the peak are located at half the 
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peak-height, and lines tangent to these points are drawn to the base­
line of the peak. The width of the peak between the intersection of 
these lines and the baseline is taken as w. The distance of the peak 
center from the origin of the elution is taken as d. The units for ^  
and w may be arbitrary. The quantity r, the number of theoretical 
plates, is given by the equation: 
If a continuous countercurrent distribution apparatus is operated, 
the concentration of solute which emerges from tube r, the last tube in 
the series, can be measured as a function of the volume of mobile phase 
which is collected. In the case of a chromatographic column which con­
tains r theoretical plates, the total volume of eluate is measured. 
An important property of the elution of the solute from a chroma­
tographic column is the fact that the maximum fraction of total solute 
is eluted after £ effective plate volumes of eluate emerge from the 
column. The peak of the elution curve is centered on the volume of 
eluate represented by r effective plate volumes of mobile phase. The 
peak of the elution curve is represented by the quantity V^, the reten­
tion volume of the solute. The effective plate volume, Vp, is defined 
as volume of eluate necessary to elute the solute peak, Vj-, divided by 
the number of theoretical plates in the column, r. This can be repre­
sented by the equation; 
For a given value of r, the effective plate volume for a solute which 
r (10) 
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has a low distribution ratio is small, and the effective plate volume 
is large for a solute with a high distribution ratio. 
Since the effective plate volume depends upon the retention volume, 
it is useful to be able to calculate V^. The retention volume of a 
solute varies with the composition of the chromatographic column and 
with the distribution ratio of the solute. The quantity Vj. can be 
estimated by first determining the volume of mobile phase, in the 
chromatographic column, the volume of stationary phase on the column, 
Vg, and the distribution ratio of the solute, D. The distribution ratio 
should include corrections for the ratio of the volumes of the mobile 
and stationary phases in the column (see Equation 2). The volume of 
the mobile phase in the column is also referred to as the void volume, 
or the interstitial volume. The quantity Vj- is calculated using the 
equation; 
Vr = Vm + DVg. (12) 
In summary, the quantity indicates the position of the solute peak 
in the elution curve, and the quantity r indicates the sharpness of the 
elution curve of the band of solute. 
If the number of theoretical plates in a chromatographic column 
is known, and the effective plate volume of the solute can be estimated, 
it is useful to be able to construct a theoretical elution curve for the 
solute. This can be done using an equation which gives a measure of the 
\ 
total quantity of solute in the last, or rth, plate of the column as a 
function of the variable v, the volume of eluate. The constants in the 
equation consist of r and Vp, which are determined experimentally for a 
given column, solute and solvent system. In practice, the total quantity 
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of solute is represented by a quality factor, Qj., which is a measure of 
the solute in the rth plate. The plate which is of interest in calcu­
lating theoretical elution curves is the rth plate, the last plate on 
the column. The quality factor Qj. cannot be used directly to calculate 
the theoretical elution curve. The numerical value of the factor depends 
upon the number of theoretical plates on the column. When this is high, 
the numerical value of the factor becomes quite large. Data which is 
useful in plotting a theoretical elution curve is obtained by calculating 
QJ- for a number of values of the volume of eluate, summing all the values 
of Qj-, and calculating the fraction of solute as a function of the vol­
ume of eluate. The equation for the quantity Qj- as a function of in­
creasing volume, V, of eluate is: 
In applying this equation, it is useful to construct a table in 
which the first column consists of values for increasing volume incre­
ments similar to the actual graph which would be obtained if fraction 
of solute were to be plotted versus volume of eluate. The equation 
should then be reduced to a logarithmic form since the quantity Qj. in­
creases to very high values with an increase in the value of r. The 
logarithm of Q^. must be converted to the numerical value of Qj- before 
the summation step. The fraction of total solute for each value of the 
volume is then calculated. 
Qr (13) 
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Applications of Partition Chromatography Theory 
to Reversed-phase Chromatography 
In the previous section, the procedure for calculating a theoretical 
partition chromatographic elution curve of a solute is presented. This 
theory deals with liquid-liquid partition chromatography, in which the 
mobile phase is non-polar, and the stationary phase is polar. In 
reversed-phase chromatography, however, the mobile phase is polar and 
the stationary phase is non-polar. It is very simple to convert the 
theory of partition chromatography to a theory which can be applied in 
reversed-phase partition chromatography. The conversion consists in 
defining the distribution ratio, D, so that the solute in the non-
polar phase is always the numerator, and the solute in the polar phase 
is always the denominator (see Equation 2). No other change in the 
form of the equations of partition chromatography is necessary. When 
this is done, polar substances tend to elute rapidly from the column, 
and non-polar substances tend to remain on the column. 
Conditions for selecting a system 
Howard and Martin (11) found that not all solvent systems are suit­
able for applications in reversed phase chromatography. Even though the 
inert support is non-polar, the non-polar stationary phase can be removed 
by a mobile phase of similar polarity. Howard and Martin found that 
mineral oil forms a stable stationary phase on hydrophobic silica gel 
in the presence of aqueous methyl alcohol. They found, however, that 
chloroform does not form a stable stationary phase. Only when relatively 
non-polar hydrocarbons are added to the chloroform can it be made to 
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function as a stable stationary phase. In order to achieve a stable 
stationary phase, the non-polar liquid must achieve a minimum inter-
facial tension with respect to the inert support. In other words, it 
must "wet" the surface of the inert support. Also, the mobile phase 
must have a high interfacial tension with respect to the stationary 
phase. If this is not the case, the mobile phase becomes miscible with 
the stationary phase, and removes it from the inert support. T.e inter-
facial tension between the mobile phase and the stationary phase must 
not be too high, however. If this occurs, the mobile phase will not 
"wet" the surface of the stationary phase, and solute molecules will 
not easily be able to cross the phase boundary between the two liquid 
phases. The solvent system to be used in reversed-phase chromatography 
must therefore be chosen with care. 
Consideration of the mechanical properties of the inert support is 
important in order to achieve an efficient column. These properties 
consist of the shape, particle size, hardness, porosity, and solvent 
sorptive capacity of the particles of inert support. These properties 
control the maximum flow rate of the column and the effect of chan­
nelling. Channelling refers to the flow of mobile phase through large 
pathways through the column rather than around the particles of inert 
support. Channelling lowers the efficiency of the column by preventing 
solute from coming into contact with all of the stationary phase in the 
column. 
The shape of the particles of inert support should be as nearly 
spherical as possible. Spheres present the minimum surface area for a 
given volume, and therefore present the minimum resistance to the flow 
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of mobile phase through the column. 
However, in partition chromatography, a high surface area is 
desirable because more opportunity is available for solute molecules 
to cross the interface between the stationary phase and the mobile phase. 
This enables the solute to come to equilibrium in both phases more 
rapidly, and tends to increase the number of theoretical plates in the 
column. The low surface area for a given volume which is obtained with 
spherical particles can be offset by decreasing the particle size. The 
total available surface area for a given volume of inert support in­
creases with a decrease in the particle size of the individual particles 
of support. 
The inert support should be hard in order to prevent the deformation 
of the particles by the pressure of the column packing, or by the external 
pressure which might be necessary to increase the flow rate of the mobile 
phase. Even with a small particle size, hard, spherical particles pre­
sent insufficient surface area to prepare efficient chromatographic 
columns. The surface area can be increased by the presence of tiny 
channels within the particle, making the particles porous. Particles 
with high porosity make possible the preparation of highly efficient 
chromatographic columns. Porous particles which also have fine particle 
size tend to hold large volumes of solvent. 
Flow rate is important in chromatography for two reasons. First, 
solutes require a finite length of time to diffuse from the mobile phase 
into the stationary phase during the extraction process. If the mobile 
phase flows too rapidly, solute may be transported to another theoretical 
plate before complete equilibration has taken place in the first plate. 
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This lowers the apparent number of theoretical plates available in the 
column, because the solute requires more plates to reach equilibrium 
than would be the case at a slow flow rate. Second, a slow flow rate 
can increase the length of time for a separation. The flow rate must 
not be unreasonably slow. An inert support which has a very fine 
particle size may result in a chromatographic column with a large 
number of theoretical plates. However, the flow rate may be so slow 
that the column cannot be used. A compromise must be made between the 
slowest flow rate necessary for the solute in the mobile phase to reach 
equilibrium with the stationary phase, and a flow rate that is rapid 
enough to achieve a separation within a reasonable length of time. 
Conditions which invalidate the theory 
The above discussion outlines the conditions which tend to optimize 
the partition chromatographic system. Conditions which tend to invali­
date the theory of simple partition chromatography include the inter­
action of the solute, the inert support, the stationary phase and the 
mobile phase with one another. Other conditions which lead to non-ideal 
behavior for the elution of solutes from a chromatographic column include 
solute loading effects, loss of stationary phase from the column, and 
channelling. 
The inert support might interact with the solute either by physical 
adsorption or chemical change, and cause apparent loss of the solute. 
If the inert support reacts chemically with either the stationary phase 
or the mobile phase, impurities might be introduced into the eluate. 
Loss of the stationary phase by reaction with the support changes the 
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retention volume of the solute, and generally lowers the efficiency 
of the column. Interaction of the solute with the mobile phase or the 
stationary phase might give products which have very different extraction 
properties from the solute. It is then very difficult to predict the 
elution curve for the solute. The products of the reaction might inter­
fere with the quantitative recovery of the solute, and make it difficult 
to estimate the original amount of solute. 
The amount of solute which is added to the chromatographic column 
influences the efficiency of the separation. If too much solute is 
added, the capacity of the column might be exceeded, and a frontal 
analysis chromatogram is obtained. In a frontal analysis chromatogram, 
the concentration of solute which elutes from the column begins to in­
crease in the form of a bell-shaped curve. However, at the peak, the 
curve flattens, and eluate which contains unextracted solute begins to 
emerge from the column. Another difficulty which results from a high 
concentration of solute is the possible change in distribution ratio 
with loading. A high concentration of solute might cause the distri­
bution ratio to increase. In this case, portions of the solute band on 
the column which contain a high concentration of solute tend to remain 
on the column longer. The effect of an increase in the distribution 
ratio with solute loading tends to cause the center of the solute band 
to remain on the column longer. This happens because the center of the 
band of solute contains a higher concentration of solute than the leading 
edge or trailing edge of the band. Solute in the leading edge and trailing 
edge of the band tends to elute faster than the center of the band, 
causing the appearance of a "tail" on the front of the elution curve of 
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the solute. If the distribution ratio tends to decrease with solute 
loading, then the reverse effect is observed, and a tail tends to form 
on the trailing edge of the elution curve. Tailing of the trailing edge 
of the elution curve might also be caused by a slow rate of attainment 
of equilibrium between the solute in the stationary phase and the mobile 
phase, and by interaction between the inert support and the solute. 
Partition chromatographic columns tend to deteriorate and become 
less efficient during the course of several elutions. This is due 
mainly to the loss of the stationary phase, with a consequent loss in 
the capacity of the column to retain solute. The retention volume for 
a solute therefore decreases with loss of stationary phase (see Equation 
12). Stationary phase may be lost by dissolving in the mobile phase 
and by "bleeding" from the column due to its inability to form a coating 
on the inert support. Solution in the mobile phase may be prevented by 
pre-equilibrating the mobile phase with the stationary phase. A firm 
coating of stationary phase on the inert support can be achieved by 
adjusting the composition of the solvent. 
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EXPERIMENTAL DETAILS 
Apparatus 
pH meter: A photovolt Model 85 Electronic pH meter was used to control 
the pH in EDTA titrations. A Beckman general purpose glass electrode was 
used with a Beckman standard calomel electrode. 
Spectrophotometers: A Backman Model B spectrophotometer was used to 
measure the absorbance in the visible spectrum. 
For methods involving high precision colorimetry or cell lengths 
larger than 1 cm., a Beckman Model DU spectrophotometer was used. 
Measurements in the ultraviolet wavelength region were made with a 
Gary Model 14 recording spectrophotometer. 
Gas Chromatograph: An F&M Model 500 Gas Chromatograph was used to 
establish the purity of solvents. A 6-foot column of 10% silicone oil 
on 60 mesh firebrick was used for the determinations. 
Ultraviolet Flow Monitor: The apparatus used to optically monitor 
flowing column effluents in the ultraviolet wavelength region is described 
as follows. 
An ozone lamp generating short wave ultraviolet radiation was con­
fined in a metal box containing a slit 2.5 cm. long and 0.3 cm. wide. 
The ultraviolet radiation passed through a 1-cm. quartz flow cuvette, and 
fell upon a blue sensitive phototube. The output from the phototube was 
led through an electronic preamplifier, which was connected to the ampli­
fier of the Minneapolis-Honeywell recorder of an F&M Model 500 gas chro­
matograph. The attenuator circuit of the gas chromatograph was set at 
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the highest sensitivity. The quartz flow cell of the ultraviolet monitor 
was connected to the column by means of 0.068-cm. inside diameter Teflon 
capillary tubing, obtained from Bel-Art Products, Pequannock, N. J. Tlie 
electrical connection between the recorder terminals and the phototube 
preamplifier was made with shielded two conductor cable. The shielding 
was connected to ground terminals on both amplifiers. 
Columns: Standard 1.3 x 15-cm. coarse frit chromatographic columns 
equipped with Teflon stopcocks were used for the separations. The tips 
of the columns were cut to a length of 1,5 cm. with a carbide wheel to 
reduce tip hold-up volume. 
Absorption cells: Silica cells were used for all absorbance measure­
ments. The path lengths used included 1 cm. and 5 cm. 
Reagents 
Solvents: The solvents 2-octanone and methyl isobutyl ketone (referred 
to as MIBK) were Eastman practical grade, and were redistilled before 
use. Gyclohexane and n-hexyl alcohol were Eastman White Label, and were 
used without further purification. All other solvents were reagent grade 
Baker and Adamson reagents and were used as received. 
Inert Supports: Haloport-F obtained from F&M Scientific Co., Newcastle, 
Del., is a dispersion polymer of polytetrafluoroethylene, 60-80 mesh, 
and was used as received. 
Teflon-6, a harder variety of polytetrafluoroethylene, was obtained 
as a pre-sieved 70/80 mesh powder from Analytical Engineering Laboratories, 
Hamden, Conn. Before using, the powder was washed with ether and air-dried. 
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Kel-F 300 low density molding powder was obtained from Minnesota 
Mining and Manufacturing Corp. The powder was sieved to 80-100 mesh 
before use. 
Microporous polyethylene was obtained as a 40-60 mesh powder from 
U.S. Industrial Chemicals Corp., Chicago, 111, A portion of the powder 
was converted to 60=80 mesh and 80-100 mesh by grinding in dry ice and 
diethyl ether using a 25-cm. diameter mortar, followed by air drying 
and sieving. 
Chemicals: Iron(III) perchlorate was prepared by the oxidation of 
reagent grade iron(II) ammonium sulfate with ammonium persulfate and 
extracting the iron(III) into 2-octanone from 8 M hydrochloric acid. 
The iron(III) was then stripped from the sulfate-free 2-octanone into 
water, and brought to fumes with 1 to 1 perchloric acid and nitric acid 
mixture to remove traces of 2-octanone. 
Iron(III) chloride was purified by extraction into MIBK from 6 M 
hydrochloric acid, and back extracted into water. 
All other metal salts were reagent grade and were used without 
further purification. 
Chromotropic acid disodium salt (Eastman practical grade) was used 
without further purification, 
1.10-Phenanthroline (Baker reagent grade) was recrystallized three 
times from ethanol-water, 
8-Hydroxyquinoline (Baker Analyzed) was used without further 
purification. 
Phenols were obtained from the following manufacturers: Gallard-
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Schlesinger Chemical Corp., Garden City, N.Y.; Distillation Products 
Industries, Rochester, N.Y.; Ethyl Corporation, New York, N.Y.; Matheson, 
Coleman and Bell, Inc., East Rutherford, N.J., and Rohm & Haas Corp., 
Philadelphia, Pennsylvania. All phenols were used without further 
purification except o-cresol, which was recrystallized from the melt. 
Metal Ion Solutions: 0.1 M Ammonium molybdate, 1% in ammonium hydroxide, 
was stored in a polyethylene bottle to prevent the formation of silico-
molybdates. The solution was standardized by the gravimetric determination 
using 8-hydroxyquinoline according to Vogel (53). 
0.1 M Sodium tungstate solution was prepared in the same way, and 
was standardized by precipitation from homogeneous solution by the method 
of Dams and Hoste (54). 
Solutions containing trace concentrations of metal ions were prepared 
by dilution of the standardized stock solutions. 
Stock solutions of various phenols were prepared by weighing 100 to 
200 mg. of the compound into a 100-ml. volumetric flask, dissolving in 
5-ml. of isopropyl alcohol and diluting with the unequilibrated eluent 
which was to be used in the separation. 
Eluents: Hydrochloric acid solutions which were used as eluents for 
separations on columns loaded with 2-octanone were prepared in 6 M and 
8 M concentrations, and were equilibrated with one-fourth their volume 
of 2-octanone by shaking at least one minute in separatory funnels. 
The acids were stored under the solvent layers. 
Eluents to be used for separations on columns loaded with MIBK were 
more complex, and have been given letter codes for easier identification. 
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The eluents were equilibrated with MIBK in the same manner as described 
above. 
Eluent A: (1 + 1) hydrochloric acid 
Eluent B: (1 + 1) hydrochloric acid, 0.5 M sulfuric acid 
Eluent C: (1 + 1) hydrochloric acid, 1 M sulfuric acid 
Eluent C-F: (1 + 1) hydrochloric acid, 1 M sulfuric acid, 0.1 M hydro­
fluoric acid. 
Eluent D: 0.5 M sulfuric acid 
0.5 M Sodium chloride solution was prepared from reagent grade 
Baker Analyzed sodium chloride, and equilibrated with cyclohexane or 
67o n-hexyl alcohol in cyclohexane before use. 
Various concentrations of methyl alcohol in water were prepared by 
dilution of the proper volume of methyl alcohol with water. Before using 
the alcoholic solutions, they were equilibrated with the solvent to be 
used in the column separation. 
Analytical Procedures 
Volumetric procedures 
Volumetric procedures were used to determine macro quantities of 
metal ions. Most metal ions were determined by back titration of excess 
EDTA (ethylenediaminetetraacetic acid) with zinc or copper according to 
the methods outlined by Fritz, Abbink and Payne (55). Departures from 
these methods are discussed below. 
Aluminum was determined by adding a two-fold excess of EDTA, 
adjusting the pH to 6 with pyridine, and boiling for not less than 5 
minutes. The cooled solution was checked for proper buffer pH, and the 
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excess EDTA titrated with zinc(II) or copper(II). The indicator used 
was NAS (naphthyl azoxine S), and in the case of back titration with 
zinc(II), the indicator was screened with a green dye (Fast Green SF, 
yellowish). 
Chromium was determined by oxidation to chromium(VI) with ammonium 
persulfate using silver ion as the catalyst. This procedure requires 
the absence of organic matter and excessive amounts of halogens. The 
presence of organic acids such as acetic acid causes the method to fail. 
The acid concentration should be approximately 2 N. The chromium(VI) is 
then titrated with ferrous ammonium sulfate using ferrous 1,10-phenan-
throline as the indicator. Approximately 3 ml. of phosphoric acid should 
be added to each 150 ml. of solution for optimum endpoints. 
Molybdenum(VI) was determined by a volumetric method in the work 
using the 2-octanone-HGl system. The method consists of a precipitation 
titration of lead molybdate at pH 4 using an 0.05 M solution of lead 
perchlorate as the titrant and xylenol orange as the indicator. The 
solution must be free of anions other than perchlorate. Pyridine was 
used as the buffer. 
Tin(IV) was determined by adding a two-fold excess of EDTA to the 
acidic solution, then adding 2 g. of sodium chloride, boiling the solu­
tion while acid for not less than 5 minutes, buffering while hot to pH 
2.5 with pyridine, and back-titrating the excess with 0.05 M thorium(IV) 
solution using xylenol orange as the indicator. The boiling step before 
buffering is essential as is the addition of a large excess of EDTA. 
Uranium(VI) was determined by slight modification of the method of 
Elbeih and Abou-Elnaga (56). The sample is diluted to 150 ml., buffered 
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to pH 5 with pyridine, treated with 1 gram of ascorbic acid and a 
measured excess of EDTA, and boiled to a clear green color. The cooled 
solution is titrated with lead perchlorate at pH 5, using xylenol 
orange as the indicator. Nitrates must be absent. 
In order to ensure accurate results in all analytical methods, 
standards were prepared in the same manner as the samples, including 
the addition of equilibrated eluate. 
Gravimetric procedures 
Molybdenum(VI) was analyzed by a gravimetric method in the work 
using the methyl isobutyl ketone (MIBK)-HCl system. The molybdenum(VI) 
is precipitated with 8-hydroxyquinoline after slight modification of 
the method reported in Vogel's book (53). 
The sample of molybdenum(VI), containing approximately 300 micro-
moles of metal ion, is brought to fumes with sulfuric acid to destroy 
organic matter. The solution is diluted to approximately 150 ml. with 
water, a few drops of methyl orange is added, and the solution is buff­
ered to pH 4 with concentrated ammonium hydroxide. Approximately 20 ml. 
of 20% ammonium acetate solution is added as a buffer, followed by 4 ml. 
of 5% 8-hydroxyquinoline in 4 M acetic acid. The precipitate is digested 
for about 30-45 minutes on the hot plate, and filtered through a tared 
30-ml. medium frit sintered glass filtering crucible. The precipitate 
is washed with 1% acetic acid, and dried at 135°C before weighing. 
In all cases, standards and samples of molybdenum(VI) should be 
boiled down with the same amount of equilibrated eluate. 
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Spectrophotometric procedures 
Iron(III) was determined by high precision colorimetry using the 
ferrous 1,10-phenanthroline complex. Solutions containing iron(III) 
are brought to fumes with sulfuric acid (avoid perchlorates). The 
solution containing approximately 3 micromoles of iron(III), is diluted 
to 20 ml,, 2 ml, of 0,06 M 1, 10-phenanthroline is then added, followed 
by 5 ml. of 45% ammonium acetate solution, and the mixture diluted to 
100 ml. 
In the procedure of high precision colorimetry, the sample solution 
is bracketed by standard iron(III) solutions prepared in the same way. 
The Beckman Model DU spectrophotometer is set at 510 millimicrons, and 
the dilute standard is used to set the zero absorbance reading. The 
absorbance of the sample and the higher concentration standard is then 
determined. The silica absorption cells must be carefully calibrated 
and corrected for differences in absorbance. The absorption curve 
between the standards can be assumed to be linear. The sample can be 
determined with an error of tO.5% as a result of the scale expansion of 
the in s t rumen t, 
Molybdenum(VI) was determined spectrophotometrically by a slight 
modification of the method reported in the compilation edited by 
Vinogradov and Ryabchikov (57). 
The sample, containing approximately 25 micromoles of molybdenum(VI) 
is brought to fumes with 15 ml. 1:1 sulfuric acid. The solution is 
rinsed into a lOO-ml. volumetric flask, cooled, and 15 ml. of 40% ammonium 
thiocyanate added. This is followed by the addition of 20 ml. of 10% 
ascorbic acid solution containing 10 drops of formic acid per 10 grams 
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of ascorbic acid. The absorbance of the solutions is determined at 
460 millimicrons after 20 minutes, using a Beckman Model B spectro­
photometer . 
Titanium(IV) samples were analyzed by a slight modification of 
the method of Brandt and Preiser (58), The sample, containing approxi­
mately 3 micromoles of titanium(IV) is diluted slightly with 1:1 sulfuric 
acid-water, and 5 ml. of a 7% aqueous solution of chromotropic acid 
disodium salt is added. After 1 hour, the solutions are diluted to 
50 ml. with 1:1 sulfuric acid-water and measured at 420 millimicrons 
using a Beckman Model B spectrophotometer. 
Tungsten(VI) was determined by the method reported in Vinogradov 
and Ryabchikov (57). The sample, containing 10 micromoles of tungsten(VI) 
in approximately 25-50 ml. of eluate or equilibrated eluate, is treated 
with 25 ml. of 5% ammonium fluoride solution, and steamed in a poly­
propylene beaker for approximately 1 hour to remove solvents. The 
surface temperature of the hotplate must be regulated by a variable 
transformer to 200°C to prevent the beakers from melting. The cooled 
solution is poured into a 100-ml. volumetric flask, 5 ml. of 40% ammonium 
thiocyanate solution is added, and 1,00 ml. of 15% titanous chloride 
solution is pipetted into the flask. The color is allowed to develop 
for 30 minutes and the absorbance is measured at 390 millimicrons using 
the Beckman Model B spectrophotometer. 
All measurements of phenolic compounds were made using spectro-
photometric methods. Standards and samples are prepared in as nearly 
identical solution compositions as possible. The standards and eluted 
phenols are collected in volumetric flasks of the appropriate size. If 
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the solutions appear hazy due to undissolved solvents, identical amounts 
of isopropyl alcohol are added. The absorbance of the standards and 
samples are obtained at the peak of the absorption curve obtained on 
the Gary Model 14. 
Distribution ratios 
Distribution ratios were obtained by dissolving the solute in pre-
equilibrated polar phase, and reserving a portion for analysis. Another 
portion was equilibrated with an equal volume of pre-equilibrated upper 
phase. 
The distribution ratio is then calculated by the following equation: 
in which represents the solute in the polar phase after the extraction 
has taken place, and Sj. represents the solute in the portion of solution 
which has been reserved for the analysis. 
This method avoids any changes in the composition of the solution 
or the volume during the extraction. In cases involving direct determi­
nation of the solute without pre-equilibration of solvent, a volume 
correction must be applied by measuring the ratio of the volume of non-
polar phase and the volume of the polar phase, and multiplying (see 
Equation 2). 
Ultraviolet flow monitor 
The ultraviolet flow monitor has been described in the apparatus 
section. The apparatus must be connected to the column by Teflon capil­
lary tubing. The effluent from the monitor must be conveyed to collection 
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flasks by the same type of tubing. If this is not done, ultraviolet-
absorbing impurities might be introduced into the effluent stream by 
rubber or vinyl tubing. Losses of phenolic compounds might occur by 
absorption on the rubber or vinyl tubing. 
Because of the sensitivity of the amplifier circuit, the monitor 
is connected to the recorder amplifier by shielded 2-conductor cable. 
This type of cable is of use in shielding the twin conductors from 
stray electric fields. The shielding should be connected to ground 
terminals at both ends of the connection. The leads should be kept as 
short as possible. 
The sensitivity of the recorder-monitor is only fair. Eluates 
containing approximately 1 milligram of phenol give a deflection of 
approximately 4 inches on the chart. As the elution proceeds, the 
chart deflection becomes much smaller. Elution schemes requiring the 
elution of a peak after the collection of more than 200 ml. of eluate 
will not give a sufficiently large chart deflection to yield an accurate 
elution curve for 1 milligram of phenolic compound. 
Elution curves 
Elution curves for molybdenum(VI) and for phenolic compounds were 
converted into fraction of solute in a unit volume increment versus 
volume. This is done because solute appears to elute from the column 
earlier at higher loading. By plotting the fraction of solute versus 
volume, the effect of solute loading is largely eliminated. The resulting 
curves can also be treated theoretically if desired, because they are in 
the form necessary to obtain the number of theoretical plates by the 
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graphical method (see Equation 10 and Figure lb). 
The elution curve for molybdenum(VI) was obtained by collecting 
10 ml. fractions of eluate from a 1 x 14.5-cm. column. The elution 
curves for phenolic compounds were obtained using the ultraviolet 
monitor, and were converted to fraction-volume curves. 
Inorganic Separations 
Selection of systems 
The use of reversed-phase chromatography to separate inorganic 
compounds was tested with the iron(III) chloride-HCl extraction system. 
Preliminary experiments with a variety of inert supports were somewhat 
disappointing. Small's system of gel-liquid extraction was repeated for 
the uranium(VI)-nitric acid-tributyl phosphate system. However, approxi­
mately 2 to 7% of the uranium was not removed from the gel even after 
extended washing. The uranium(VI) could be recovered completely only by 
destroying the resin with nitric acid and perchloric acid. 
A number of inorganic inert supports were examined for possible use. 
In this investigation, silica, firebrick and glass microbeads were coated 
with 1aury11rimethylammonium chloride to render the surfaces hydrophobic. 
These supports either have a low capacity for organic solvent, or are 
partly decomposed by the strong acids. 
Of several organic supports available, Haloport-F and Kel-F-300 low 
density molding powder are most satisfactory from the standpoint of high 
solvent capacity. Haloport-F is a dispersion polymer of polytetrafluoro-
ethylene. Kel-F is a polymer of chlorotrifluoroethylene. Toward the 
end of 1963, however, the supplier of Kel-F stopped production of the low 
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density form of Kel-F molding powder. 
Haloport-F was selected for preliminary work on the extraction of 
iron(III) from strong HCl because of high capacity for holding solvent. 
Several organic solvents were studied to determine the highest distri­
bution ratio for iron(III) and for effectiveness as a stationary phase. 
The solvent 2-octanone was chosen because of its ability to form stable 
columns with Haloport-F which had a high capacity for extracting iron(III). 
Preliminary work using the Haloport-F-2-octanone system to separate 
iron(III) was successful. However, a better system was later found to be 
the system Kel-F-300 low density molding powder using methyl isobutyl 
ketone (MIBK) as the stationary phase. The Haloport-F powder tends to 
be soft and easily deformed. Kel-F is hard and could be used in much 
finer particle size. Also, iron(III) must be removed from Haloport-F-2-
octanone columns by washing the stationary phase off the column with 
diethyl ether and methyl alcohol. However, the iron(III) can be easily 
removed from the Kel-F-300-MIBK columns by washing with 0.5 M sulfuric 
acid, as reported by Cerrai and Testa (31). 
Separations 
Two methods were used to pack chromatographic columns for inorganic 
separations. In the case of Haloport-F, an amount of solvent-treated 
support sufficient to pack two 1 x 12-cm, columns is prepared by slurrying 
30 ml. of support with 2-octanone in a sintered glass filter crucible, 
removing the excess by suction, and slurrying the damp support with 
solvent-equilibrated 8 M hydrochloric acid. After slurrying with fresh 
hydrochloric acid, the treated support is poured into standard 1 x 15-cm. 
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chromatographic columns equipped with Teflon stopcocks, and is packed 
gently by tapping the column until no further settling of the resin bed 
is observed. 
In the case of Kel-F, an amount of support sufficient to pack 6 to 
8 columns (35 grams) is stirred with a glass rod in a 400-ml. beaker 
while 40=50 ml. of MIBK is added in 10-ml. increments. The mixture is 
brought to a uniform powdery consistency and slurried with equilibrated 
eluent. The slurry is added to the column and stirred while gentle 
suction is applied. When the column is almost full, the slurry is gently 
packed down with a flattened glass rod. Excess liquid trapped between 
the stopcock and the glass frit in the columns must be removed to pre­
vent hold-up and losses of solute. 
Synthetic sample mixtures are prepared by mixing known volumes of 
standard solutions of metal ions, boiling down to 2-5 ml,, and rinsing 
into the columns with equilibrated eluent. In the case of Haloport-F 
columns, the mixture is washed on to the column with 8 M hydrochloric 
acid, and non-extracted metal ions are eluted with 6 M hydrochloric acid. 
Metal ions are eluted from Kel-F MIBK columns by using a variety of 
eluents, 
Steel samples are dissolved in 20 ml, 6 M hydrochloric acid and 
5 ml. of concentrated nitric acid, boiled down to approximately 10 ml., 
and diluted to 100 ml. with non-equilibrated eluent. Aliquots of 3 to 
5 ml. containing not more than 0.5 millimoles of iron(III) are taken 
for the separation. 
Samples and standards of tungsten(VI) are prepared by mixing 1 ml. 
of 0.01 M sodium tungstate solution (weighed) with 1 drop of concentrated 
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hydrofluoric acid, 5 drops of concentrated sulfuric acid and 1 of 
concentrated hydrochloric acid. For each additional milliliter of metal 
ion solution, an additional drop of concentrated hydrofluoric acid must 
be added. No evaporation step was performed in the case of tungsten(VI) 
samples and standards. 
In order to remove iron(III) from Haloport-F columns, the stationary 
phase must be washed off with a 1:1 mixture of diethyl ether and methyl 
alcohol. Molybdenum(VI) and vanadium(V) are remjved by adding two or 
three drops of 30% hydrogen peroxide to the sample before adding it to 
the column. This procedure is not necessary or desirable for separations 
of Kel-F-MIBK columns. 
In work with columns of Haloport-F, metal ions are separated from 
iron(III) by arranging conditions so that partially extracted metal ions 
are completely eluted, leaving pure iron(III) on the column. The improved 
columns prepared with Kel-F permitted the successive elution of partially 
extracted metal ions after non-extracted metal ions had been removed. 
Selection of the solvent to be used in these separations rested 
partly on the finding of Kuznetsov (59) that ketonic solvents are best 
for the extraction of iron(III) from hydrochloric acid. Methyl isobutyl 
ketone (MIBK) does not form a stable stationary phase on Haloport-F, but 
2-octanone is suitable due to its higher viscosity. Both solvents are 
"wetted" by hydrochloric acid solutions. The capacity of the columns 
for extracting solute is improved by the solvent-holding capacity of the 
support. Haloport-F has a high capacity for solvent, as can be seen 
from the data presented in Table 1 for a variety of different solvent 
systems. Low density Kel-F 300 can hold more solvent, up to 50-55% by 
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Table 1. Solvent capacity of Haloport-F 
Solvent ml. Solvent in 100 grams of 
Solvent-coated Support 
Acetylacetone 40.1 
Benzene 42.1 
Chloroform 34.7 
Di-isobutyl ketone 37.9 
Ethyl acetate 40.0 
n-Hexyl alcohol 45.2 
Isoamyl acetate 42.2 
Nitrobenzene 7.9 
2-octanone 42.0 
Toluene 42.5 
Tributyl phosphate 28.8 
o-Xylene 42.6 
volume. 
Results and discussion 
The strong retention of iron(III) on columns of Haloport-F-2-
octanone permits the direct separation of iron(III) from a large number 
of other metal ions. The results for these separations are presented 
in Table 2, The strong retention of iron(III) can be demonstrated from 
the fact that in typical runs, less than 0.2 micromole of iron(III) is 
lost from columns loaded with 250 micromoles of iron(III). 
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Table 2. Separation of iron(III) from other metal ions 
Other 
Metal Ion 
Fe+3 
Added, 
ji-moles 
Fe+3 
Found, 
(i-moles 
Average 
Deviation, 
(i-moles 
Ion 
Added, 
|i-moles 
Ion 
Found, 
(i-moles 
Average 
Deviation, 
(i-moles 
AI+3 265.5* 265.5 +0.0 203.5 203.5 +0.0 
Ba+2 282.5b 283.0 +0,5 289.5 290.0 +0.5 
Bi+3 266,0 266.0 :o.o 266.5 266.5 +0.0 
Cd+2 265.5 265.2 -0.3 214.5 214.2 -0.3 
Ce+3 265,5 265.5 to.o 199.0 199.0 +0.0 
Cr+3 283.QC 283.8 -0.2 291.5 290.8 -0.7 
Co+2 268.5 268.5 +0.0 291.5 291.8 +0.3 
Cu+2 268.5 268.8 +0.3 209.5 209.0 -0.5 
Er+3 285.0^ 284.3 -0.7 285.5 285.5 to.o 
In+3 266.0 266.5 +0.5 332.5 332.0 -0.5 
Pb+2 283.0^ 282.3 -0.7 260.5 261.5 +1.0 
Mg+2 266.0 265.7 -0.3 238.5 239.0 +0.5 
Mn+2 265,5 265.2 -0.3 223.0 223.3 +0.3 
284.0^ 283.2 -0.8 252.0 252.7 +0.7 
Ni+2 268.5 268.8 +0.3 262.0 262.3 +0.3 
Sm+3 285.0 285.0 +0.0 281.5 281.8 +0.3 
All data are based on an average of 2 determinations, except 
where noted, 
^Single determination. 
^Average of 3 determinations. 
Average of 4 determinations. 
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Table 2. (Continued) 
Other 
Metal Ion 
Fe+3 
Added, 
|j,-moles 
Fe+3 
Found, 
prmoles 
Average 
Deviation, 
la-moles 
Ion 
Added, 
|i-mole8 
Ion 
Found, 
p-moles 
Average 
Deviation, 
|a-moles 
Sr+2 265.5b 265.5 to.o 277.2 278,2 +1.0 
Th+4 266.0 265.5 -0.5 233.5 234.3 +0. 8 
Ti+4 285.QC 284.5 -0.5 285.5 285.7 +0.2 
U+G 284.0^ 283.8 -0,2 213.0 212.6 -0.4 
V+5,+4 
(H2O2) 
236.0 236.0 +0.0 270,5 270,0 -0.5 
Y+3 267.0 267.3 +0.3 292.7 293,0 +0.3 
Zn+2 268.5 268.5 to.o 249.0 249,5 +0.5 
Zr+4 267.QC 267.2 +0, 2 250,0 249.8 -0.2 
Preliminary work with Haloport-F-2-octanone columns indicated that 
the technique is remarkably free from interference by anions which 
normally complex iron(III). Experiments showed that very little iron(III) 
is removed from the column even though relatively large amounts of com-
plexing anion are present. The results of these experiments are presented 
in Table 3. 
In the case of separations using MIBK sorbed on Kel-F columns, a 
partially extracted metal ion can be eluted after a non-extracted metal 
ion has been washed off with mobile phase. It is useful to know the 
distribution ratio of metal ions between the stationary phase and the 
mobile phase in order to help predict the order of elution of metal ions. 
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Table 3. Effect of anions on the extraction of iron(III)^ 
(iron(III) added to column, 250 p-moles; anion washed through 
column, 3000 p-moles in 15 ml. 2-octanone-equilibrated 6 M 
HCl) 
Anion Added Total Fe^'3 Found in 
Eluate, [i-moles 
Net Fe^3 Found, Corrected 
for Blanks, |j,-moles 
None (6 M HCl) 0.109 (HCl Blank) 
HE, no Fe^^ on 
column 
0.211 (HF Blank) 
Hydrofluoric acid 0.215 0.004b 
Citric acid 0. Ill 0,002 
Phosphoric acid 0.152 0.043 
^Results presented are averages of 4 determinations, 
^HF Blank applied in this case alone. 
The results of the study of distribution ratios of a variety of metal 
ions of interest in this work is presented in Table 4, 
As an example of the use of Table 4, consider that iron(III) and 
gallium(III) extract very well into 6 M hydrochloric acid, and do not 
migrate down the columns to a significant extent during extended elutions. 
Metal ions having distribution ratios of 10 to 20 such as molybdenum(VI) 
and tin(IV) are found to elute in 180 to 200 ml. of eluate from 14.5-cm. 
Kel-F columns, but first traces do not appear until 40 to 60 ml. of 
eluate is collected provided that the loading is kept below 250 micro-
moles of each solute. The elution pattern for metal ions of intermediate 
distribution ratio is given by a typical elution curve for molybdenum(VI) 
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Table 4. Distribution ratios of metal ions between methyl isobutyl 
ketone and the aqueous phase indicated 
Distribution Ratio 
1 + 1  1 + 1  H C l ,  1 + 1  H C l ,  
Metal ion HCl 0,5 M H2SO4 1 M H2SO4, 0,1 M HF 
pglll 770 1700 - - -
MoVI 15 20 23 
mill 2,3 2,8 - - -
SnIV 11 17 - - -
Cull 0,03 - - - - - -
Co" - - - 0,01 - - -
Sc"! 0.01 - - - - - -
- - -
- - - 0,4 
from a 14.5-cm. column presented in Figure 2. It is therefore possible 
to separate three metal ions from one another on short columns if the 
third metal ion is not extracted under the conditions used. 
The theory of reversed phase chromatography is of some help in 
determining the efficiency of a column, and in predicting the approxi­
mate number of milliliters of eluate necessary to elute the solute peak. 
The data plotted in Figure 2 can be used to calculate the efficiency of 
the column. The efficiency of the column is measured by the number of 
theoretical plates which the column contains. The experimental elution 
curve in Figure 2 can be used to estimate the number of theoretical 
plates for a typical Kel-F-MIBK column by applying Equation 10. 
Figure 2, Elution of 300 micromoles of molybdenum(VI) from a 1 x 14.5 cm. column of 80 to 100 
mesh Kel-F-3031 
The stationary phase is methyl isobutyl ketone (MIBK). The eluent is 1 + 1 hydrochloric 
acid equilibrated with MIBK. Fractions were taken in 10-ml. increments. 
MOLYBDENUM (VI) 
0.30 
CO 0.20 
u_ 0.10 
0.0 
40 60 80 100 120 140 
MILLILITERS OF (l+l) HCI 
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Inspection of Figure 2 shows that the distance from the origin in arbi­
trary units (centimeters) divided by the peak width at the base in the 
same units is 1,3. This gives a value for r of 28 theoretical plates in 
a column length of 14.5 centimeters. The length of column equivalent to 
one theoretical plate is therefore approximately 0.5 cm. This represents 
an efficiency better than distillation columns, which have theoretical 
plate heights on the order of centimeters. It is less efficient than 
gas chromatographic columns, which have theoretical plate heights on 
the order of millimeters or fractions of millimeters. The number of 
theoretical plates can also help to estimate the "spread" of the peak 
as it elutes. This can be done, because the retention volume of the 
peak, Vj., is the quantity d expressed in milliliters of eluate (volume). 
Knowing the quantity r thus permits the calculation of w in milliliters. 
The retention volume, V^, can be estimated if the volume of the 
mobile phase in the column, V^, the volume of stationary phase sorbed 
on the column, Vg, and the distribution ratio of the solute, D, is 
known. As the value for D increases, the quantity Vg must be known 
with higher precision, because the calculation of the retention volume 
depends on the multiplication of these two quantities (see Equation 12, 
page 28). In the typical case of the separation of molybdenum(VI) 
illustrated in Figure 2, the column is packed with 5 ml. of stationary 
phase. The interstitial volume, V^, is 6 ml., and the distribution 
ratio for the molybdenum(VI) is 15. This data gives a value of 81 ml. 
for Vj.. The actual retention volume is 72 ml. Although this is a 
considerable error, it should be pointed out that a 1 per cent error 
in either the distribution ratio or the solvent content of the column 
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can cause an error of 1 ml. in the retention volume for this system. 
If the distribution ratio is corrected for the volume ratio of the non-
polar to the polar phase, 5/6(D), the retention volume is 69 milliliters, 
which is somewhat closer to the actual value. If desired, the complete 
elution curve for the solute can be calculated using the experimental 
value for £, and the calculated value for Vj. (see Equation 13, page 29). 
Although long chromatographic columns are more efficient for sepa­
rating complex mixtures of solutes, the length of time necessary for 
the separation is increased, and the volume of eluate necessary to elute 
each solute is large. For simple mixtures, such as the separation of 
only two metal ions, the separation can be made more rapid by using 
shorter columns, on the order of 8 cm., rather than the 14.5-cm. columns 
used for three-fold separations in the Kel-F-MIBK system. 
When high loadings of molybdenum(Vl) are used on Kel-F-MIBK columns 
it is important to increase the distribution ratio of the molybdenum(VI) 
to prevent elution of traces of molybdenum before the non-extracted 
metal ion is completely eluted. This can be done by adding sulfuric acid 
to the 6 M hydrochloric acid eluent. Concentrations of sulfuric acid 
greater than 1 M cause miscibility of the MIBK with the mobile phase, 
however. 
The insolubility of tungsten(VI) in strong acid solutions requires 
the addition of up to 0.1 M hydrofluoric acid to the eluent. This con­
centration of hydrofluoric acid can keep up to 10 micromoles of tungsten 
(VI) in solution in 5 to 10 ml. of 6 M hydrochloric acid. A higher con­
centration of tungsten(VI) precipitates after 15 minutes. The addition 
of hydrofluoric acid to the eluate causes a serious decrease in the 
60 
distribution ratio of molybdenum(VI). This can be corrected by adding 
up to 1 M sulfuric acid (see Table 4). 
A number of quantitative separations were performed to show the 
greater versatility of the Kel-F-MIBK system for the separation of 
molybdenum(VI) from other metal ions. The results of these separations 
are presented in Table 5. Of analytical interest is the separation of 
copper(II) from molybdenum(VI). The copper(II) interferes in the con­
ventional gravimetric and colorimetric methods for the analysis for 
molybdenum(VI). The separation of small amounts of tungsten(VI) from 
molybdenum(VI) is of importance because the latter interferes with the 
colorimetric determination of tungsten by the standard method of thio-
cyanate complex reduction. 
The separations presented in Tables 3 and 5 yielded quantitative 
results with micro amounts of metal ions as well as macro amounts. The 
separation of micro amounts of metal ions from one another was tested 
in the Haloport-F-2-octanone system by adding known quantities of approxi­
mately 3 micromoles of metal ion to an approximately 200- to 1000-fold 
excess of the other metal ion. The solutions were made 6 to 8 M hydro­
chloric acid, and extracted on to the columns in the manner described 
previously. Using this procedure, traces of iron(III) can be separated 
from large amounts of copper(II) and zinc(II) using 2-octanone sorbed 
on Haloport-F. Traces of titanium(IV) can be separated from 1000 times 
as much iron(III) using the same system. The results of these experi­
ments are presented in Table 6. The separation of micro amounts of 
iron(III) from copper(II) is of analytical importance since the latter 
element seriously interferes with the colorimetric determination of 
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Table 5. Separation of metal ions 
Metal Present, Found Error Eluate Column 
ion micro- micro- micro- Eluent^ volume, length, 
moles moles moles ml. cm. 
Cu(II) 103.9 103.9 to.o A 30 14.5 
Mo (VI) 94.0 94.2 +0.2 A 135 
Co(II) 355.9 356. 1 +0.2 B 25 14.5 
Mo (VI) 350.1 348.4 -1.7 A 135 
Fe(III) 312.7 313.0 +0.3 D 50 
V(IV+V) 510.5 509.8 -0.7 B 35 14.5 
Mo (VI) 350.1 349.9 -0.2 A 150 
Fe(III) 313.2 313.0 -0.2 D 50 
Th(IV) 294. 7 294.6 -0.1 B 35 14.5 
Mo (VI) 380.9 381.2 +0.3 A 165 
Fe(III) 312.8 312.7 -0,1 D 50 
Al(III) 169.2 169.0 -0.2 B 35 8 
Ga(III) 203.3 203.3 ±0.0 D 50 
In (III) 263.0 263.1 +0.1 B 100 8 
Ga(III) 214.9 214. 7 -0.2 D 50 
Sn(IV) 396. 1 395.9 -0.2 C 100 8 
Fe(III) 403.6 403.8 +0. 2 D 50 
Cu(II) 300 (not ana lyzed) A 25 14.5 
Mo (VI) 1.030 1.036 +0,006 A 130 
Fe(III) 300 (not ana lyzed) - " - - -
W(VI) 9.33 9.30 -0.03 C-F 65 14.5 
Mo (VI) 100 (not ana lyzed) - — - - - -
Fe(III) 100 (not analyzed) - - - - - -
^Eluent A: (1 + 1) hydrochloric acid. Eluent B: (1+1) hydro­
chloric acid, 0.5 M sulfuric acid. Eluent C: (1 + 1) hydrochloric 
acid, 1.0 M sulfuric acid. Eluent C-F: (1 + 1) hydrochloric acid, 
1.0 M sulfuric acid, 0.1 N hydrofluoric acid. Eluent D: 0.5 M sulfuric 
acid. 
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Table 6. Separation of copper(II), titanium(IV), and zinc(II) from 
iron(III) at high concentration ratios 
Ion 
Identity 
Ratio of 
Ion : Fe"^^ 
Average 
Trace 
Ion Added, 
|i-moles 
Average 
Trace 
Ion Found, 
|i-moles 
Number of 
Determ­
inations 
Average 
Deviation, 
p-moles 
Cu+2 200:1 2.830% 2.833 3 +0,003 
Cu+2 1000:1 2.830* 2.813 4 -0.017 
CM 
200:1 2.830* 2.825 2 -0.005 
Zn+2 1000:1 2.830% 2.775 4 -0.055 
Ti+A 1:1000 2.960^ 3.020 4 +0.060 
^Trace ion determined was iron(III). 
^Trace ion determined was titanium(IV). 
iron(III) either by the thiocyanate method or the 1,10-phenanthroline 
method. Micro amounts of molybdenum(VI) can be successfully separated 
from 300 times as much iron(III) and copper(II) using Kel-F-MIBK columns 
(Table 5). Amounts of tungsten(VI) of 10 micromoles or less can be sepa­
rated from ten times as much iron(III) and molybdenum(VI) as is seen by 
the results presented in Table 5. 
Because of the possible applications of these separations in steel 
analyses, these separations were tested on standard steel samples obtained 
from the National Bureau of Standards. The results of these experiments 
are presented in Table 7. These steels are generally nickel-chromium-
molybdenum steels low in carbon. The steel NBS 101-e contains 0.025% 
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Table 7. Analysis of Mo(VI) in steels^ 
% % 
Present Found Error Std 
Steel Mo Mo (%) Dev. (%) 
111-a 0,222 0.227 +0.005 Î0.0004 
160 2.95 2.83 -0.12 ±0.008 
101-e 0.426 0.421 -0.005 ±0.002 
^14.5 cm. column, 25 ml. eluent A used to remove non-extracted 
elements, then 130 ml. used to remove Mo(VI). 
phosphorus and 0.056% tungsten. These elements apparently do not inter­
fere at this low concentration. Silica concentrations in the steels of 
up to 1.25% do not seem to influence the accuracy of the determinations. 
However, if large concentrations of tungsten are present, precipitation 
of tungsten(VI) oxide occurs in the acidic solutions, and can cause 
losses of up to 25% of micro amounts of molybdenum(VI) by coprecipitation. 
Interferences can also arise from metal ions which are reduced by the 
stationary phase. An example is antimony(V) which extracts well, but 
is reduced to antimony(III) which elutes from the column with the non-
extracted elements. In these separations the standard deviation is 0.1% 
for EDTA titrations, 0.5% for the gravimetric determination of molybdenum 
(VI), 0.5% for the high precision colorimetric determination of iron(III), 
and 1-1.5% for the other spectrophotometric determinations. 
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Organic Separations 
Selection of systems 
The separation of phenolic compounds was chosen to test reversed 
phase column chromatography using organic supports. The phenolic com­
pounds are available in a large variety and in pure form. Systems were 
chosen with the help of the literature. The structure and partition 
coefficients of a large variety of phenols have been studied by Saha 
et al. (60) by means of the technique of countercurrent distribution 
between cyclohexane and 0.1% sodium chloride. Dihydroxy phenols have 
been separated by Young (61) using liquid-liquid partition chromatography. 
The technique makes use of partition chromatography on silica gel using 
a butyl alcohol-cyclohexane system. High-boiling phenols from low 
temperature coal tar can be separated by countercurrent distribution 
using cyclohexane and 0.5 M, pH 11-12 phosphate buffers, report Karr, 
Estep and Hirst (62), 
Cyclohexane was chosen as the stationary phase for this work because 
of its wide use in separating phenols and its freedom from ultraviolet 
absorption. Studies of the 0.1% sodium chloride system indicated that 
an increase in the salt concentration would improve the extraction of 
phenols slightly. The separation factor of phenol and o-cresol is in­
creased by the addition of a polar alcohol such as n-butyl alcohol or 
n-hexyl alcohol to the cyclohexane. This technique can be used to sepa­
rate phenols which are primarily polar and water soluble. Difficulties 
with high molecular weight non-polar phenols were encountered using the 
cyclohexane-0.5 M sodium chloride system. These phenols are insoluble 
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in the aqueous phase and are completely extracted by the column because 
of the very high distribution ratios. In order to decrease the distri­
bution ratios and increase the solubilities of high molecular weight 
phenols, methyl alcohol was added to the aqueous phase. Sodium chloride 
and polar alcohols were eliminated from the cyclohexane-aqueous methyl 
alcohol system to avoid dealing with ternary systems which might change 
rapidly in composition with changes in environment. 
Since Kel-F-300 low density molding powder had been withdrawn from 
production by the manufacturer, new inert supports were tested for possi­
ble use in organic separations. The new Kel-F-600 is unsuitable for use 
owing to its low absorption of solvent. Microporous polyethylene showed 
promise as an inert support. However, interactions between the stationary 
phase and the support are sometimes observed with solvents. Regeneration 
of the support cannot be completed by heating because the polyethylene 
has a low melting point. A polyfluorocf.rbon support called Teflon-6 can 
be obtained already sieved to 70/80 mesh by the manufacturers. Although 
the support has about 80% of the absorptive capacity of Kel-F-300, it is 
hard and forms excellent columns. This support can be readily regenerated 
by washing with acetone followed by diethyl ether and air-drying. This 
support was chosen for subsequent work with phenols, although microporous 
polyethylene is also useable. 
Separations 
Experiments with fixed solvent-systems and variable column sizes 
indicate that it is more convenient to use short columns because the 
separations take place more rapidly and the columns can be more easily 
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prepared. Columns are packed the same size (1 x 14.5 cm.) as described 
in the section on inorganic separations. The column is filled with the 
pre-equilibrated stationary phase, dry inert support is sifted in and 
allowed to settle under gentle flow with fresh stationary phase. The 
excess stationary phase in the column is then displaced by equilibrated 
mobile phase. 
Stock solutions of phenols are prepared by carefully weighing 100-
300 milligrams of phenol into a 100-ml. volumetric flask, dissolving in 
5 ml. isopropyl alcohol, and diluting with non-equilibrated mobile phase. 
The mobile phase for each phenol is selected carefully to keep the com­
pounds in solution. Synthetic test mixtures are prepared by adding 1.00 
ml. of the stock phenol solutions to the prepared column, and rinsing on 
with 1-2 ml. of fresh mobile phase. All flow rates are kept between 0.5 
and 1.2 ml. per minute. The eluted phenols are collected in volumetric 
flasks of the appropriate size. The proper time to begin the collection 
of a phenol band is determined by referring to a previously plotted 
elution curve obtained with the ultraviolet flow monitor. In most cases 
the eluate is collected after passing through the flow monitor, so that 
a continuous recording of the elution curve during sample collection is 
obtained. Standard samples are prepared and processed in the same way 
as the eluted samples. The analyses are performed by reading the absorb-
ance of the samples and standards at the peak of their absorption curves 
using the Gary Model 14 recording spectrophotometer. This is done to 
prevent apparent inaccuracies due to shifts in the wavelength and optical 
properties of the solutions because of changes in environment. 
Teflon-6 70/80 mesh proved to be as good a support as Haloport-F, 
67 
but slightly inferior to both Kel-F and Haloport-F in ability to absorb 
solvent. However its fine particle size and hardness makes possible the 
packing of very good columns capable of performing quantitative separa­
tions of closely related phenols. Columns of Teflon-6 containing the 
largest quantities of solvent are best prepared by adding dry support to 
a column filled with the stationary phase, and by this method the columns 
are bubble-free. The excess stationary phase is easily displaced by 
mobile phase. This technique is not possible when the inert support is 
less dense than the stationary phase. In this case it tends to float on 
top of the solvent and cannot be easily packed into the form of a column. 
In this case, the column should be first filled with a less dense solvent. 
After packing the inert support, this solvent is displaced by the dense 
solvent, taking care to insert a plug of glass wool at the top of the 
column to prevent the inert support from floating. The dense solvent 
can then be displaced by the mobile phase. After 3 to 5 column-volumes 
of mobile phase are passed through the column, no further globules of 
excess stationary phase are removed from 1 x 14.5-cm. columns of Teflon-6. 
Results and discussion 
A series of distribution ratio curves were plotted for a variety of 
phenols using both the cyclohexane-aqueous methyl alcohol system and the 
n-hexyl alcohol-cyclohexane-0.5 M sodium chloride system. These results 
are presented in Figures 3 and 4. A number of interesting possibilities 
for separating closely related phenols were tested using a variety of 
systems. The conditions used for these separations are presented in 
Table 8. The quantitative results of these separations are presented 
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Figure 3. Distribution ratios of some monohydroxyphenols between cyclohexane and aqueous methyl 
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Figure 4. Distribution ratios of some monohydroxyphenols between cyclohexane containing different 
percentages of n-hexyl alcohol and 0.5 M aqueous sodium chloride 
Table 8, Conditions for the separation of phenols 
Compound Mobile phase ml. Mobile Stationary phase 
phase 
p-nitrophenol 
o-nitrophenol 
phenol 
o-cresol 
3,4-dimethyl phenol 
2,6-dimethyl phenol 
o-isopropyl phenol 
2,6-Di-isopropyl phenol 
o-isopropyl phenol 
nonyl phenol 
20% methyl alcohol 
20% methyl alcohol and 
1 ml, 10% tetra-n-
butylammonium hydroxide 
in methyl alcohol 
0.5 M sodium chloride 
0.5 M sodium chloride 
0.5 M sodium chloride 
0.5 M sodium chloride 
50% methyl alcohol 
75% methyl alcohol 
50% methyl alcohol 
75% methyl alcohol 
25 
25 
35 
100 
30 
100 
35 
50 
30 
50 
cyclohexane 
6% n-hexyl alcohol in 
cyclohexane 
cyclohexane 
cyclohexane 
cyclohexane 
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Table 9. Separation of phenolic compounds 
Compound Added, mg. Found, mg. Error, mg. 
a 
p-nitrophenol 0.285 0.287 +0.002 
o-nitrophenol 0.420 0.421 +0.001 
phenol 1.243 1.250 +0.007 
o-cresol 1.281 1.280 -0.001 
3,4-dimethyl phenol 1.327 1.332 +0.005 
2,6-dimethyl phenol 1.595 1.587 -0.008 
o-isopropyl phenol 1.558 1.560 +0.002 
2,6-di-isopropyl phenol 1.957 1.984 +0.027 
o-isopropyl phenol 1.558 1.570 +0.012 
nonyl phenol 1.957 1.937 -0.020 
in Table 9. 
The theory of reversed phase chromatography is helpful in determining 
the separation efficiency and approximate retention volume for typical 
short columns used in this work. A typical separation is presented in 
Figure 6, involving the elution of 3,4-dimethylphenol and 2,6-dimethyl-
phenol from a column 12.5 cm. long and 0.8 cm. inside diameter. The 
distribution ratios for the solutes were determined for a polar phase 
composed of 0.5 M sodium chloride and a non-polar phase of cyclohexane. 
The distribution ratio of 3,4-dimethylphenol in this system is 2.3, and 
for 2,6-dimethylphenol is 17.2. The graphical method for determining 
the number of theoretical plates on the column gives a value of 20 
theoretical plates, both solute curves giving the same value. The 
Teflon-6 holds 0.4 ml. of solvent per milliliter of support. This 
column contains 4 ml. of cyclohexane, the stationary phase. The volume 
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of the mobile phase is 5 ml. The predicted retention volume for the 
3,4-dimethylphenol is therefore 14 ml., and the retention volume actually 
found is 18 ml. The predicted retention volume for the 2,6-dimethyl-
phenol is 74 ml. , and the retention volume actually found is 62 ml. 
Although these predictions are not exact, they give useful information 
on the order of elution of solutes, the approximate position of the 
peak, and the spread of the peak as it is eluted. 
Elution curves are obtained by passing the effluent from the col­
umns through an ultraviolet flow monitor. The curves are converted to 
fraction of solute present versus volume of eluate to avoid the effect 
of loading on the curves. The solute is collected at the proper time 
by referring to the developing elution curve. 
The separation of o- and p-nitrophenol can be followed visually. 
The o-nitrophenol is quantitatively extracted by the column, while the 
p-nitrophenol is rapidly eluted. The o-nitrophenol is so well extracted 
that even high concentrations of methyl alcohol are not efficient in 
removing the compound. The o-nitrophenol can be rapidly eluted by adding 
1 ml. of 10% methanolic tetra-n-butylammonium hydroxide to the column 
followed by elution with 25 ml. of fresh 20% methyl alcohol. 
Phenol can be separated from o-cresol and 3,4-dimethylphenol can be 
separated from 2,6-dimethylphenol using 0.5 M sodium chloride as the 
mobile phase and a stationary phase composed of 6% n-hexyl alcohol in 
cyclohexane. Butyl alcohol was originally used as the polar alcohol, 
but eluates tended to be very hazy with separated stationary phase, and 
the less water soluble n-hexyl alcohol was used with equal success. 
Elution curves for the latter two separations are presented in Figures 
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5 and 6. 
Higher molecular weight water insoluble phenols can be separated 
by elution with aqueous methyl alcohol using cyclohexane as the station­
ary phase. Preliminary experiments showed that simple elution with one 
concentration of methyl alcohol was not as suitable as the use of suc­
cessive different concentrations of methyl alcohol. An example of the 
separation of o-isopropylphenol by using one concentration of methyl 
alcohol is shown in Figure 7. Using different concentrations of methyl 
alcohol in the eluate, a much better separation can be obtained as is 
shown in Figure 8. A similar procedure can be used to separate o-
isopropylphenol and 2,6-di-isopropylphenol as is shown in Figure 9. 
It is essential to make connections to the column and the ultra­
violet monitor using Teflon capillary tubing. A study of various inter­
ferences indicate that the effect of ultraviolet light, silicone grease 
and the inert support is negligible in causing apparent losses of phenols 
from the mobile phase. Surgical rubber tubing causes very large amounts 
of ultraviolet absorbing materials to enter into the mobile phase. The 
use of Teflon capillary tubing avoids this error. These results indicate 
that reversed phase chromatography using organic supports is useful in 
extending the scope of solvent extraction in both organic and inorganic 
chemistry. 
Figure 5. Separation of phenol and o-cresol 
Approximately 1 milligram of each compound is eluted with 0.5 M sodium chloride from 
a 1 X 12.5-cm. 70/80 mesh Teflon-6 column on which is sorbed 6% n-hexyl alcohol in 
cyclohexane. 
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Figure 6. Separation of 3,4-dimethylphenol and 2,6-dimethylphenol 
^^proximately 1.5 milligrams of each compound is eluted with 0.5 M sodium chloride from 
a 1 X 12.5-cm. column of cyclohexane on 70/80 mesh Teflon-6. 
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Figure 7. Partial separation of o-isopropyl phenol and nonyl phenol 
Approximately 2 milligrams of each compound is eluted with 60% aqueous methyl alcohol 
from a 1 X 12.5-cm. column of 70/80 mesh Teflon-6 on which is sorbed cyclohexane. 
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Figure 8. Separation of o-isopropyl phenol and nonyl phenol 
Approximately 2 milligrams of o-isopropyl phenol is eluted with 50% aqueous methyl 
alcohol from a 1 x 12.5-cm. column of 70/80 mesh Teflon-6 on which is sorbed cyclo-
hexane. The nonyl phenol is then eluted with 75% aqueous methyl alcohol. 
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Figure 9. Separation of o-isopropyl phenol and 2,6-di-isopropyl phenol 
The conditions for the separation are the same as described in Figure 8, 
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